Ultrasound tomography (UST) is an emerging modality that can offer quantitative measurements of breast density. Recent breakthroughs in UST image reconstruction involve the use of a waveform reconstruction as opposed to a raybased reconstruction. The sound speed (SS) images that are created using the waveform reconstruction have a much higher image quality. These waveform images offer improved resolution and contrasts between regions of dense and fatty tissues. As part of a study that was designed to assess breast density changes using UST sound speed imaging among women undergoing tamoxifen therapy, UST waveform sound speed images were then reconstructed for a subset of participants. These initial results show that changes to the parenchymal tissue can more clearly be visualized when using the waveform sound speed images. Additional quantitative testing of the waveform images was also started to test the hypothesis that waveform sound speed images are a more robust measure of breast density than ray-based reconstructions. Further analysis is still needed to better understand how tamoxifen affects breast tissue.
INTRODUCTION
Mammographic breast density is a well-known breast cancer risk factor and it is established that women with higher breast density are at an increased risk of developing breast cancer relative to women with lower breast density [1] [2] [3] . Breast density has traditionally been measured using mammography, but more recently, ultrasound tomography (UST) sound speed images have also been shown to be an effective measure of breast density 4, 5 . UST has previously used a ray-based reconstruction method to produce sound speed images from which to make breast density measurements. However, recent improvements in UST imaging include the use of waveform reconstructions of sound speed images 6, 7 . These waveform images are of a much higher image quality than the ray-based reconstructions and offer better resolution of breast parenchyma (Figure 1 ).
UST is an emerging breast imaging modality that produces quantitative measures of breast density. It uses sound waves to produce three-dimensional images of breast tissue using the transmission and reflection properties of breast anatomy. The tissue sound speed is a useful property that can be used for breast density measurements. The longitudinal sound speed of any material is given by:
where C is the bulk modulus and ρ is the density of the material in question. Studies have shown that the bulk modulus of breast tissue scales with the cube of its density [8] [9] [10] . This therefore suggests that for breast tissue, the measured tissue sound speed has a direct relationship with the tissue density. Tamoxifen is a selective estrogen receptor modulator (SERM) that has been shown to be effective in both the chemopreventive and adjuvant settings for reducing breast cancer incidence and mortality 11 . It is commonly used as a breast cancer preventative agent. Not only does tamoxifen reduce the risk of breast cancer, it also decreases breast density, particularly in premenopausal women. Several studies have shown that tamoxifen decreases breast density, measured either qualitatively or quantitatively on a mammogram, in up to approximately 50% of patients 12 .
The higher resolution waveform UST images present a new way to measure the distribution of dense and non-dense breast tissue. This means that waveform images may be better used to both qualitatively and quantitatively track changes in the parenchymal patterns than the ray-based images. This work will use the waveform sound speed images to qualitatively observe changes in the parenchymal patterns for a subset of women undergoing therapy with tamoxifen. The qualitative results will be paired with additional quantitative measures of breast density that can be easily extracted from the sound speed images.
METHODS AND MATERIALS

Patient Enrollment
As part of a larger study 13 that was designed to assess breast density changes using UST sound speed imaging among women undergoing therapy with tamoxifen for clinical indications, UST scans and mammograms were taken over a period of 12 months for approximately 70 women. For women diagnosed with breast cancer, UST scans were taken of the breast contralateral to the diagnosis. UST scanning was repeated up to 4 times during the 12 month period, with a baseline scan before the initiation of tamoxifen along with follow up scans at 1-3 months, 4-6 months and 12 months post-tamoxifen initiation.
Waveform Image Creation
The initial UST scans for these women were reconstructed using the ray-based sound speed images. Waveform reconstruction is a much more computationally intensive procedure and requires the use of the saved raw data. To compare the waveform reconstructions with the ray-based reconstructions, 22 women had their baseline scan reconstructed using waveform tomography. The quantitative results for these scans were compared to the ray-based results. In addition, 4 full sets of scans were analyzed both quantitatively and qualitatively. The scans were chosen to represent the full range of the American College of Radiology's Breast Imaging Reporting and Data System (BI-RADS) breast density categories of almost entirely fatty, scattered fibroglandular densities, heterogeneously dense and extremely dense 14 . The breast density category was determined from the mammography report where it was recorded as part of the mammographic exam.
Density Measurements
Quantitative sound speed measurements for the waveform images were made in a similar manner to sound speed measurements made for ray based images. For each slice that contained breast tissue, the background water bath was manually segmented from the image, leaving behind only the breast tissue. Descriptive statistics were then calculated on the remaining voxels, including measures such as the mean value and standard deviation. This method of masking sound speed images to produce quantitative measurements has shown to be reliable between different users and repeatable 15 .
In addition, using ImageJ, a k-means clustering algorithm was then applied to the masked waveform and ray sound speed images. The algorithm separated the image into two regions, one that corresponded to the dense tissue and one that corresponded to the non-dense tissue. Additional quantitative measures for these segmented subregions were then calculated. These measures included the mean sound speed of each subregion, the difference in the sound speed of the dense and non-dense subregions along with the volume of each subregion. Using the volume measurements, the percent volume density (USTPD) could be calculated by dividing the dense volume by the total volume. The same quantitative measurements were applied to both the waveform and ray UST images in order to directly compare the behavior of the two different reconstruction algorithms. Ray based measurements were made previously so any waveform image analysis was performed on the same slices.
Additonally, baseline mammograms were analyzed using CUMULUS 16 to determine the mammographic percent density (MPD), along with the relative amount of dense and non-dense mammographic areas visible.
RESULTS AND DISCUSSION
Comparison of Waveform and Ray-Based Quantitative Measurements
For the 22 participants that were analyzed, the quantitative measurements made using waveform imaging were compared to the quantitative measurements made using the ray based imaging. Only the baseline image was used in this comparison. The averaged results for several of the quantitative measures are shown below in Table 1 . The listed p-value is from a paired t-test. Also, Spearman correlations were performed between the two different reconstruction methods.
Most of the quantitative measures show strong correlations between the ray and waveform reconstructions. However, comparing the mean values shows some differences between the reconstruction methods. The ray reconstructions create sound speed images with a slightly larger total volume than the waveform. When segmented, the dense volumes are the similar but the fatty tissue volume is larger in the ray reconstructions. Visual comparison of the ray and waveform images show that because of the higher resolution, the boundary between the breast tissue and the water bath is more clearly defined for the waveform images ( Figure 2 ). This slight difference in the boundary definition accounts for the small but consistent increase in total volume and the fatty volume. In addition, there was much greater heterogeneity in depiction of dense tissue as noted by the significantly greater standard deviation for the waveform images relative to the ray-based images. Figure 2 -To show the slight differences in the reconstruction of the breast/water bath boundaries, the mask for the ray image on the left was applied to the same waveform slice on the right. The ray mask is slightly larger than the waveform image due to the higher resolution of the waveform reconstruction more clearly defining the boundary of the breast tissue. The anatomic texture of the parenchymal patterns is also greater in the in waveform images. When the quantitative analysis was performed, the waveform images were therefore masked separately from the ray images.
The higher resolution waveform images also likely account for the differences in the mean sound speed values. The waveform images are able to more clearly separate dense tissue from fatty tissue which results in less volume averaging than in the ray images. In the ray images, the lower resolution causes the dense regions to blend into the fatty regions. This could explain why the difference in subregion mean sound speed is greater in waveform images compared to the ray images.
Qualitative And Quantitative Analysis of Changes in Parenchymal Patterns Over Time
The changes in the parenchymal patterns over the course of a year were examined on a qualitative and quantitative level for select cases. The same quantitative waveform UST values of mean sound speed, along with the subregion characteristics were calculated for each case using a common volume among all four scans. This ensured that the same volume was quantitatively analyzed for changes. Visual inspection was also performed to identify similar regions of tissue at each scan. Also, mammograms spaced approximately a year apart were also analyzed for density measurements for a comparison. A fatty, scattered, heterogeneous and dense breast were selected to highlight the ability of waveform imaging to track changes in parenchymal tissue. The breast density was determined by the BIRADS density score given to the breast in the mammography report by the radiologist.
Analysis of an Almost Entirely Fatty Breast (BI-RADS Density Category A)
The quantitative UST and mammographic breast density measures are shown below in Table 2 for the fatty breast. Waveform UST sound speed images of the same anatomy for each scan are shown in Figure 3 to directly show the changes in the parenchymal patterns. The quantitative mammographic measures indicate there is little change in density and that the mammographic percent density and dense breast area remain very low. The UST measures also show low mean sound speed but do indicate a small decrease in the mean sound speed at the 12 month follow up.
The USTPD shows an initial decrease but rises at the 12 month mark. It appears that the decrease in the mean sound speed at 12 months is mostly driven by the decrease in the mean sound speed of the dense tissue.
Figure 3 -UST sound speed images for a fatty breast. Each row shows a slice from each of the four scans that roughly represent the same anatomy. The far left images are the baseline, followed by the 1-3 month follow up, then the 3-6 month follow up with the far right images being from the 12 month follow up scan. The top row of images represents anatomy closer to the chest wall while the bottom row represents anatomy closer to the middle of the breast. The breasts are mostly fat so finding similar landmarks of dense regions was compensated for by approximating the underlying anatomy of fibrous bands.
Baseline 1-3 Month 3-6 Month 12 Month
Viewing Figure 3 it is apparent that the breast is mostly fatty tissue. There are few extended regions of dense tissue and most of the dense regions tend to be thinner strands of parenchymal tissue along with some prominent blood vessels. While the patient positioning between scans is variable, it is still possible to align anatomy within the breast from scan to scan. The internal anatomy does shift slightly, but similar structures can be seen. However, without the additional quantitative information obtained from UST imaging, a visual inspection would very likely be insufficient to determine whether or not any apparent change in breast density occurred. 
Analysis of a Breast with Scattered Fibroglandular Densities (BI-RADS Category B)
The quantitative UST and mammographic density measures for the breast with scattered densities are shown in Table 3 and the aligned UST waveform sound speed images are shown in Figure 4 . The USTPD measures along with the MPD measures show that there was a clear and consistent decrease in breast density over the observed time period. However, while the mean sound speed and mean subregion sound speeds also show an overall decrease, the changes are not consistent over the course of the year. The mean sound speeds show a large initial decrease over the first several months followed by a slight increase over the last 6 months.
When visually viewing the changes in Figure 4 , there are easily visualized changes to the parenchymal patterns. In the first slice, there is an extended region of dense tissue at the 1 o'clock position that shrinks in size over the course of the year. At the 12 month scan, the region is a fraction of the size as it was at the baseline scan. In the second comparison slice, there are three small regions of density extending from the 7 o'clock to the 9 o'clock position. Once again, by the final scan, these regions are a much smaller size compared to the baseline scan. The waveform UST images therefore offer an excellent visual representation of the changes to the breast tissue itself. There are some small dense regions scattered throughout the breast so identifying similar landmarks is easier. It is also easily seen that these dense regions are shrinking in size. 
Analysis of a Heterogeneously Dense Breast (BI-RADS Density Category C)
The quantitative density and sound speed measures for a heterogeneously dense breast are shown below in Table 4 . The UST sound speed measurements are not entirely consistent with the mammographic density results. The UST sound speed measurements show a decrease up to 6 months followed by a slight increase over the last 6 months. While there is a net decrease in sound speed over the 12 month time frame, the decrease is relatively small compared with the decrease observed in MPD. Also, the USTPD along with the relative amounts of dense and non-dense tissue remained relatively consistent. However, the MPD measurements show there was a moderate decrease in density. This change was evidenced as both decreases in the MPD but also with the amount of dense mammographic area.
By viewing the UST sound speed images themselves in Figure 5 , the changes in parenchymal patterns are difficult to notice by eye. It is still possible to identify similar regions at each scan, even with a large portion of the breast being composed of dense tissue. There is a fatty region embedded in the dense tissue for the first selected slice, but observing whether it is increasing or decreasing in size cannot be done easily by eye. Also, in the second selected slice, there is a large dense region in the six o'clock position that can easily be identified but is difficult to estimate the magnitude of change. Any change in density occurs on a quantitative basis for this patient. , .t Figure 5 -UST sound speed images for the heterogeneously dense breast. Each row shows a slice from each of the four scans that roughly represent the same anatomy. The far left images are the baseline, followed by the 1-3 month follow up, then the 3-6 month follow up with the far right images being from the 12 month follow up scan. The top row of images represents anatomy closer to the chest wall while the bottom row represents anatomy closer to the middle of the breast. There is much more dense tissue but similar looking landmarks can still be easily identified. Despite being a higher density, the changes in the dense regions are difficult to visually identify over the 12 months.
Analysis of an Extremely Dense Breast (BI-RADS Density Category D)
An extremely dense breast was analyzed (TAM243) and the mammographic and UST breast density measures are shown in Table 5 . The UST sound speed measures are the highest for any of the breasts measured here and they do indicate that there was a significant decrease in breast density. There appeared to be an initial increase in density at 1-3 months, but that was followed up by a dramatic decrease in density between the 3 and 12 month time frame. There were large decreases in all sound speed measures along with the USTPD and the volume of dense tissue over this time.
This seemingly large decrease in UST measurements is tempered by smaller decreases in mammographic measurements. While both MPD and dense breast area do show a decrease, the magnitude of the change is much smaller.
The visual inspection of the UST sound speed images is shown in Figure 6 . Whereas with the fattier breasts, dense structures were identified within the fatty background, here it is easier to identify similar regions of fatty tissue within the dense tissues. Over the final three scans, the increases in the fatty regions are visually apparent. In the second comparison slice, there is a fat lobule located at about 7 o'clock inside an extended dense region of tissue that increases in size, eating away into the dense tissue. There is a central region of dense tissue within the breast that slightly decreases in size. However, there is also a fatty ring that surrounds this dense region that appears to both grow in size while becoming more homogeneously fatty. -UST sound speed images for the extremely dense breast. Each row shows a slice from each of the four scans that roughly represent the same anatomy. The far left images are the baseline, followed by the 1-3 month follow up, then the 3-6 month follow up with the far right images being from the 12 month follow up scan. The top row of images represents anatomy closer to the chest wall while the bottom row represents anatomy closer to the middle of the breast. For the densest breasts, it is much easier to match similar fatty regions within the dense tissue rather than trying to align the dense regions themselves. Here, the fatty regions appear to be growing in size and growing into the dense regions over the time frame, compatible with the total volume of dense tissue decreasing by both USTPD and MPD. 
CONCLUSIONS
Waveform reconstructions of UST sound speed images were repeatedly made on a group of women who underwent tamoxifen therapy over the course of approximately one year. Using the waveform images, similar regions of breast parenchyma could easily be identified at various points throughout the follow-up period. For some of the participants, changes to the breast parenchyma could also be identified visually. Where changes were not readily apparent, the quantitative UST measurements could also be used to identify whether or not any significant changes to breast sound speed, a surrogate of volumetric breast density, likely occurred. These results show that waveform UST sound speed images are an excellent tool to obtain high resolution maps of breast parenchyma. These images can supplement the quantitative information that is already contained in the image.
